Introduction
============

There is considerable scientific and commercial interest in the use of probiotic bacteria. Probiotics are live microorganisms that confer health benefits to the host when administered at adequate levels ([@b6-bjm-44-777]). However, to exert these benefits, the microorganisms must remain viable during the processing and storage of food and must be resistant to gastrointestinal fluids ([@b9-bjm-44-777]). Because probiotics are sensitive to a number of factors, including the presence of oxygen and acidic media, microencapsulation has been studied as a method of increasing the viability of probiotic cells ([@b8-bjm-44-777]; [@b10-bjm-44-777]; [@b16-bjm-44-777]; [@b17-bjm-44-777]; [@b23-bjm-44-777] and [@b24-bjm-44-777]; [@b21-bjm-44-777]).

Microencapsulation of probiotics is a process that surrounds probiotic microorganisms in a polymeric membrane, protecting them and, in certain cases, allowing their release under specific conditions. The techniques commonly applied to encapsulate probiotics are extrusion, atomization or spray drying, emulsion, coacervation and immobilization in fat or starch granules ([@b9-bjm-44-777]). Polysaccharides, such as alginate, gellan, κ-carrageenan, and starch are the most commonly used materials in the microencapsulation of bifidobacteria and lactobacilli ([@b27-bjm-44-777]). [@b18-bjm-44-777], however, immobilized bifidobacteria in a lipid matrix of cocoa butter. This process resulted in the increased viability of the cells during storage in model systems that simulated fermented and unfermented beverages. This result suggests that the lipid matrix protects cells against storage stress and may shield them from exposure to water and stressors, such as H^+^ ions. Furthermore, due to the composition of lipid materials, they are easily digested in the intestine by lipases, which release the encapsulated microorganisms ([@b9-bjm-44-777]). Therefore, the incorporation of probiotics into lipid microparticles is an interesting approach for food products.

Spray chilling technology (also called spray cooling or spray congealing) uses lipids as wall materials. This process is similar to spray drying with respect to the production of fine droplets. However, spray chilling is based on the injection of cold air, which enables the solidification of the particle; a molten matrix that contains the bioactive compound is atomized such that it forms drops that quickly solidify when they contact the cold air ([@b4-bjm-44-777]; [@b22-bjm-44-777]). The spray chilling process is typically referred to as matrix encapsulation in the literature because the microcapsules present a structure in which the core material is homogeneously distributed throughout the carrier material ([@b27-bjm-44-777]; [@b22-bjm-44-777]).

The microparticles that are produced by this process can present a number of disadvantages, which include a low encapsulation capacity and the expulsion of core material during storage due to the crystalline structure and polymorphic arrangement characteristic of many lipid materials during the solidification and crystallization process ([@b32-bjm-44-777]; [@b29-bjm-44-777]). However, spray chilling is considered to be the cheapest encapsulation technology that can be used in industrial-scale manufacture ([@b32-bjm-44-777]; [@b12-bjm-44-777]; [@b29-bjm-44-777]). According to [@b4-bjm-44-777], spray chilling deserves greater consideration as a means of microencapsulation of probiotics because it may expand the range of matrices that are used. Moreover, this technology could be used to generate smaller beads, which may be desirable in food processing.

To date, spray chilling has been applied for conserving enzymes, flavors, minerals, and proteins ([@b5-bjm-44-777]). In previous works our group used spray chilling to produce microparticles of *B.animalis* subsp. *lactis* and *L. acidophilus* using an interesterified fat with palm and palm kernel as carrier ([@b25-bjm-44-777]; [@b21-bjm-44-777]). In this work, however, we used a natural carrier with large application in food products. Thus, the aim of this study was to microencapsulate *B.animalis* subsp. *lactis* and *L. acidophilus* in cocoa butter using the spray chilling technology.

Materials and Methods
=====================

Carrier
-------

The cocoa butter, which was kindly donated by Emfal (Betim, Brazil), was used as meltable carrier. It is composed of saturated and unsaturated fatty acids with predominance of acid stearic (C18:0) and acid oleic (C18:1). Its melting point is 36.5 °C.

Culture preparation
-------------------

*B. animalis* subsp. *lactis* (BI-01) and *L. acidophilus* (LAC-04), which were donated by Danisco (Cotia, Brazil) were activated according to the method described by [@b19-bjm-44-777], with some modifications. The freeze-dried cultures were activated in reconstituted skim milk (100 g/L) that contained 1% (w/v) glucose, 1% (w/v) sodium citrate, 1% (w/v) yeast extract and 0.05% (w/v) cysteine for 20 hours at 37 °C. The cells were harvested by centrifugation at 9,500 rpm for 8 min and were washed twice in NaCl solution (0.85% w/v). The pellet was resuspended in the saline solution to obtain a suspension that contained approximately 10^9--^10^10^ cfu/g. The suspension of free cells was maintained into a glass vessel with cover at −18 °C, 7 °C and 20 °C for the future assays of resistance and viability.

Enumeration of cells
--------------------

The viable *B. animalis* subsp. *lactis* and *L. acidophilus* cells were counted by the pour-plate technique on MRS agar according to the method of [@b13-bjm-44-777] with some modifications. For *B. animalis* subsp. *lactis* MRS agar was supplemented with lithium chloride (0.1%), L-cysteine and aniline blue (0.01%). Serial dilutions were prepared with a 2% sodium citrate solution. The plates were incubated in anaerobiosis with the anaerobic system (Probac, São Paulo, Brazil) at 37 °C for 72 hours. The plating was performed in duplicate. For the enumeration of probiotics in the microparticles, however, a pre-heated sodium citrate solution at 40 °C was used in order to melt the fat matrix and promote the release of the cells during serial dilutions.

Preparation of microparticles
-----------------------------

The microparticles were prepared with a spray chiller (Labmaq, Sertãozinho, Brazil) according to the method of [@b3-bjm-44-777] with some modifications. A solution that contained molten cocoa butter (carrier agent), probiotic (the core or active compound) and lecithin (surfactant) was homogenized in an Ultraturrax (IKA, Staufen, Germany) at 9,500 rpm for 60 seconds. Proportions of reactivated cells:cocoa butter (w/w) of 1:10 (*B. animalis* subsp. *lactis*) and 1:4 (*L. acidophilus*) were used to obtain microparticles that contained levels of viable cells of at least 10^7^ cfu/g. The lipid microparticles were subsequently formed by the atomization of the emulsion into a cold chamber at 10 °C using a double fluid atomiser (Ø= 0.7 mm) with an atomization air pressure of 1.0 kgf/cm^2^. The microparticles were maintained in a freezer for the future assays of resistance and characterization. The microparticles were also maintained at −18 °C, 7 °C and 20 °C for the shelf-life assays.

Characterization of microparticles
----------------------------------

The morphologies of the microparticles were evaluated using scanning electron microscopy (SEM) (JSM, Jeol, Tokyo, Japan) according to [@b23-bjm-44-777] and optical microscopy (Bel, Monza, Italy) using a digital camera and the Global Lab Image program (Bel MicroImage Analyzer, Monza, Italy). The particle-size distribution of the microparticles was measured by laser diffraction with Shimadzu Sald-201V (Tokyo, Japan) equipment with ethylic alcohol as the dispersant agent.

Evaluation of the resistance of *B. animalis* subsp. *lactis* and *L. acidophilus* to the microencapsulation process
--------------------------------------------------------------------------------------------------------------------

To determine the effect of the spray chilling process on the viability of the microorganisms, cell counts were performed before the microencapsulation process (at the emulsion step) and in the microparticles.

Evaluation of the resistance of *B. animalis* subsp. *lactis* and *L. acidophilus* to simulated gastric and intestinal fluids
-----------------------------------------------------------------------------------------------------------------------------

The resistance of the probiotics to simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) *in vitro* was determined according to the method of [@b11-bjm-44-777]. Free and encapsulated cells were incubated in SGF for 120 min and in SIF for 180 min at 37 °C. The SGF consisted of 9 g/L of sodium chloride (Synth, Diadema, Brazil) and 3 g/L of pepsin from porcine stomach mucosa (Sigma-Aldrich, St. Louis, USA), and the pH was adjusted to 1.8 with hydrochloric acid (Synth, Diadema, Brazil). The SIF consisted of 9 g/L of sodium chloride that contained pancreatin and trypsin from bovine pancreas (Sigma-Aldrich, St. Louis, USA) at 10 g/L each and 3 g/L of bile salts (Oxgall, Difco, Hampshire, UK), and the pH was adjusted to 6.5 with sodium hydroxide (Synth, Diadema, Brazil). Survey assays were conducted at 0, 60 and 120 min (SGF) and 0, 90 and 180 min (SIF) of incubation.

Evaluation of the stability of the microencapsulated microorganisms during storage
----------------------------------------------------------------------------------

This analysis was designed to determine the stability of the obtained microparticles during storage. The number of viable cells was counted after 1, 30, 60 and 90 days of storage at −18 °C, 7 °C or 20 °C ([@b24-bjm-44-777]).

Results and Discussion
======================

Morphological characterization and mean diameter of the microparticles
----------------------------------------------------------------------

After atomization, a solidified and cooled free-flowing powder was collected. Optical microscopy of the powder revealed that microparticles or, more specifically, microspheres were produced. The microspheres were clearly multinucleate, and the probiotic suspension was evenly distributed within the entire volume of the particle, which exhibited a typical matrix structure. Because the process does not involve the evaporation of solvents, the microparticles produced were dense, non-porous and spherical ([Figure 1A, 1B](#f1-bjm-44-777){ref-type="fig"}). The spherical shape is interesting because this format facilitates the flow of material, although it is not only shape that determines flowability. This shape was also observed by [@b30-bjm-44-777] and [@b3-bjm-44-777] when they encapsulated drugs and water-soluble compounds by spray chilling with stearic acid or a mixture of stearic acid, lauric acid and sorbitan tristearate as the encapsulant agents, respectively.

SEM micrographs ([Figure 1C, 1D](#f1-bjm-44-777){ref-type="fig"}) also revealed that although they were spherical in shape, the walls of the particles were irregular and quite wrinkled, which was attributed by [@b26-bjm-44-777] and [@b3-bjm-44-777] to the presence of stearic acid. Another possibility is that melting occurred during the transfer of the microparticles into the microscopy equipment, considering the relatively low melting point (36.5 °C) of the carrier.

The cells were not visible on the surface of the microparticles using SEM photomicrography, even at high magnification (3.00 k x). However, a small portion of the cells probably remained on the surfaces of microparticles, due to the matrix structure of the microparticles.

The size of the microcapsules is an important parameter that affects the sensory properties of foods; a larger particle size correlates with an increasingly detrimental effect on the food's texture. [@b14-bjm-44-777] suggested that a desirable size is approximately 100 μm. The laser diffraction confirmed the presence of different particles sizes with a fraction of which were smaller than 100 μm, however. The *B. animalis* subsp. *lactis* and *L. acidophilus* microparticles presented similar diameters, even with the different portions of reactivated cells:cocoa butter that were applied. The mean diameter of the *B. animalis* subsp. *lactis* microparticles was 44.4 μm, and the particle size ranged from 1.6 to 126.9 μm ([Figure 2A](#f2-bjm-44-777){ref-type="fig"}); the mean diameter of the *L. acidophilus* particles was 49.6 μm, and the size ranged from 2.2 to 126.9 μm ([Figure 2B](#f2-bjm-44-777){ref-type="fig"}).

Resistance of *B. animalis* subsp. *lactis* and *L. acidophilus* to the microencapsulation process
--------------------------------------------------------------------------------------------------

Because the microencapsulation of microorganisms is designed to increase the stability and viability of the probiotic culture in several types of products during processing and storage and in the presence of gastric and intestinal fluids, the choice of encapsulation method is critical ([@b7-bjm-44-777]; [@b8-bjm-44-777]; [@b24-bjm-44-777]). The techniques that are most commonly used in the microencapsulation of probiotics are emulsion, extrusion and spray drying ([@b9-bjm-44-777]). Spray chilling is a low-cost alternative for the protection of probiotic cultures, which could expand the use of probiotics. However, little is known about the effects of microencapsulation on the viability of the cells and the protection of probiotics against external agents. Counts in the emulsion (8.3 log~10~ cfu/g for *B. animalis* subsp. *lactis*; 6.5 log~10~ cfu/g for *L. acidophilus*) and in the microcapsules (8.2 log~10~ cfu/g for *B. animalis* subsp. *lactis*; 6.6 log~10~ cfu/g for *L. acidophilus*) suggest that spray chilling did not affect the viability of the probiotics. The conditions that were employed in the process, such as atomization and chilling, were sufficiently mild to maintain the cellular integrity of the majority of the population.

Resistance of *B. animalis* subsp. *lactis* and *L. acidophilus* to simulated gastric and intestinal fluids
-----------------------------------------------------------------------------------------------------------

Before *B. animalis* subsp. lactis and *L. acidophilus* can be used as functional products, they must survive until they reach the gastrointestinal tract, pass through it, and colonise the intestine ([@b15-bjm-44-777]). However, one of the major problems in the efficacy of probiotic foods is the low survival rate of the microorganisms at gastric pH and in the high concentrations of bile salts in the intestine ([@b28-bjm-44-777]). [Figure 3](#f3-bjm-44-777){ref-type="fig"} shows that both free and encapsulated cells of *B. animalis* subsp. *lactis* were resistant to SGF and SIF; only a 1.3 logarithmic cycle reduction in the population was observed during 5 hours of incubation. *L. acidophilus* reached the method detection limit (10^3^ cfu/g) in 210 min in its free form. However, when this bacterium was encapsulated, 67% of the cells remained viable with a 2.7 logarithmic cycle reduction in the population during 5 hours of incubation. So, the solid lipid microparticles produced with cocoa butter offered protection to *L. acidophilus* into SGF and SIF. However the 33% of loss could be because of the heterogenic composition and low melting point of the cocoa butter. Some of its triglycerides may have melted at the temperature of this test (37 °C), causing premature release of the probiotics into the SGF. Therefore, considering the loss of viability of the encapsulated *B. animalis* subsp. *lactis* and *L. acidophilus*, microparticles should contain a higher initial number of viable cells in order to have an appropriate number of cells released into the intestine or microparticles should be produced with a lipid matrix with higher melted point.

Other studies have confirmed the increase in the resistance of the microencapsulated probiotics when they are exposed to simulated gastric and intestinal fluids compared with the survival of free cells. *L. acidophilus* cells that were encapsulated in sodium alginate were more resistant than the free cells when they were submitted to tests that simulated gastric and intestinal conditions *in vitro* ([@b16-bjm-44-777]; [@b20-bjm-44-777]; [@b28-bjm-44-777]). However, *L. acidophilus* that were encapsulated in calcium alginate ([@b7-bjm-44-777]) or in a mixture of alginate and starch [@b31-bjm-44-777] were not more resistant than the free cells when they were submitted to tests that simulated the stomach acidity and bile conditions *in vitro*.

Stability of the microencapsulated microorganisms during storage
----------------------------------------------------------------

Cell damage and a loss of activity may occur during the processing and storage of the cells. Therefore, a suitable microencapsulation process should ensure that the microorganisms survive processing and remain viable during storage ([@b23-bjm-44-777] and [@b24-bjm-44-777]).

In the present study, according to results that are presented in [Table 1](#t1-bjm-44-777){ref-type="table"}, the free *B. animalis* subsp. *lactis* population was unstable during storage; it displayed logarithmic cycle reductions of 2.2 (20 °C), 7.6 (7 °C) and 4.6 (−18 °C) log cfu/g. Inactivation during storage can be related to a number of factors, such as the formation of free radicals in the presence of oxygen, fatty acid oxidation, and DNA damage ([@b2-bjm-44-777]). Microencapsulation did not improve the stability of *B. animalis* subsp. *lactis* when the microparticles were stored at 20 °C. However, the encapsulated cells were more stable at 7 °C, where 72% of the cells remained viable after 90 days of storage, and at −18 °C, where the microparticle assured a minimum level of 10^6^ cfu/g for 90 days ([@b1-bjm-44-777]).

The population of free and encapsulated cells of *L. acidophilus* decreased drastically during 90 days of storage at 20 °C and 7 °C; the viable free cells were not detected (with limit method detection of 10 cfu/g) after 30 and 60 days of storage, respectively. Moreover only 20% of the encapsulated cells remained viable after 90 days of storage at 7 °C ([Table 1](#t1-bjm-44-777){ref-type="table"}). A study by [@b24-bjm-44-777] showed that *L. acidophilus* displayed greater viability at a storage temperature of 7 °C; however, in this work, the micro-capsules were dehydrated. The probiotics that were encapsulated by complex coacervation and were dehydrated by spouted bed showed viability when they were stored at 7 °C for 120 days, but they showed a loss in viability prior to 90 days of storage at 37 °C. In the present study, promising results were observed with freezing conditions, which assured 90 days of shelf life; in these conditions, micro-encapsulation increased the *L. acidophilus* viability from 36.6% (free cells) to 81.1% (microencapsulated cells). These results allow us to conclude that only freezing conditions provided a long and satisfactory microparticle shelf life. This result was probably observed because in these conditions, the cells are in a latent state. In freezing temperatures as −18 °C, the molecular mobility is low, the metabolic reactions occur more slowly and thus the microbial activity is very reduced. This result limits the application of these microparticles in food products. Because the microorganisms are metabolically active in the microparticles at 7 °C and 20 °C, the production of such compounds as metabolic acids and bacteriocins or the absence of subtracts may cause inactivation of the viable cells in the microparticles.

The present study shows that spray chilling with cocoa butter as a carrier to produce solid lipid microparticles was efficient in protecting the probiotics against the passage through gastric and intestinal fluids, and they could also be stored at freezing temperatures. In addition, the morphologies and sizes of the microparticles may facilitate the flow of material and would probably cause no harmful effects to food texture. Therefore, this method is an innovative matrix for the application of probiotics at low cost with the potential of scaling up. Other advantages are the use of low temperatures, the absence of organic solvents and the possible release of probiotics in the intestine during the digestion of the cocoa butter.

A future challenge in further studies is to choose a carrier or a process operation condition that improves the viability of the cells at refrigerated and room temperatures to increase the use of these microparticles in food products and to facilitate their storage.
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![Optical microscopy images of microparticles prepared by spray chilling containing *B. animalis* subsp. *lactis* (A) and *L. acidophilus* (B) and Scanning electron microscopy images of microparticles containing *L. acidophilus.*](bjm-44-777-g001){#f1-bjm-44-777}

![Particle size distribution of the microparticles containing *B. animalis* subsp. *lactis* (A) and *L. acidophilus* (B) (bars = amount of particles; ° = cumulative distribution).](bjm-44-777-g002){#f2-bjm-44-777}

![Survival of free and encapsulated cells of *B. animalis* subsp. *lactis* and *L. acidophilus* after their exposure to simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).](bjm-44-777-g003){#f3-bjm-44-777}

###### 

Stability of free and encapsulated *B. animalis* subsp*. lactis* / *L. acidophilus* during 90 days of storage (count in Log~10~ cfu/g).

                                  Time (days)   Free                                                   Encapsulated                                                                                                                                                                                                                  
  ------------------------------- ------------- ------------------------------------------------------ ------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------
  *B. animalis* subsp*. lactis*   0             10.0 ± 0.0[A](#tfn2-bjm-44-777){ref-type="table-fn"}   10.0 ± 0.2 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   10.0 ± 0.2 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   7.1 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   7.4 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   7.4 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  30            8.3 ± 0.1[B](#tfn2-bjm-44-777){ref-type="table-fn"}    10.7 ± 0.4 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   9.7 ± 0.1 [B](#tfn2-bjm-44-777){ref-type="table-fn"}    5.1 ± 0.1 [B](#tfn2-bjm-44-777){ref-type="table-fn"}   6.5 ± 0.2 [B](#tfn2-bjm-44-777){ref-type="table-fn"}   7.2 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  60            8.5 ± 0.1[B](#tfn2-bjm-44-777){ref-type="table-fn"}    6.1 ± 0.2 [B](#tfn2-bjm-44-777){ref-type="table-fn"}    5.0 ± 0.1 [D](#tfn2-bjm-44-777){ref-type="table-fn"}    5.3 ± 0.2 [B](#tfn2-bjm-44-777){ref-type="table-fn"}   5.3 ± 0.0 [C](#tfn2-bjm-44-777){ref-type="table-fn"}   8.1 ± 0.9 [A](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  90            7.8 ± 0.1[C](#tfn2-bjm-44-777){ref-type="table-fn"}    2.4 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}    5.4 ± 0.3 [C](#tfn2-bjm-44-777){ref-type="table-fn"}    3.8 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}   5.2 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}   7.3 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}
  *L. acidophilus*                0             9.4 ± 0.1                                              9.5 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}    9.5 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}    8.2 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   8.2 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}   8.2 ± 0.1 [B](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  30            ND[\*](#tfn1-bjm-44-777){ref-type="table-fn"}          5.0 ± 0.1                                               8.4 ± 0.1 [B](#tfn2-bjm-44-777){ref-type="table-fn"}    3.9 ± 0.2 [B](#tfn2-bjm-44-777){ref-type="table-fn"}   4.1 ± 0.1 [B](#tfn2-bjm-44-777){ref-type="table-fn"}   8.3 ± 0.2 [B](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  60            ND[\*](#tfn1-bjm-44-777){ref-type="table-fn"}          ND[\*](#tfn1-bjm-44-777){ref-type="table-fn"}           2.0 ± 0.0 [C](#tfn2-bjm-44-777){ref-type="table-fn"}    2.6 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}   3.7 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}   8.6 ± 0.1 [A](#tfn2-bjm-44-777){ref-type="table-fn"}
                                  90            ND[\*](#tfn1-bjm-44-777){ref-type="table-fn"}          ND[\*](#tfn1-bjm-44-777){ref-type="table-fn"}           3.5 ± 0.2[D](#tfn2-bjm-44-777){ref-type="table-fn"}     1.6 ± 0.2 [D](#tfn2-bjm-44-777){ref-type="table-fn"}   1.5 ± 0.0 [D](#tfn2-bjm-44-777){ref-type="table-fn"}   6.6 ± 0.1 [C](#tfn2-bjm-44-777){ref-type="table-fn"}

ND = no detected cells.

Different letters in the same column, statistically show significant difference among values, (p \> 0.05).
